Background/Aims: Although it has been widely accepted that protein arginine methyltransferase 1 (PRMT1) is a cancer-promoting gene in various cancers, the mechanism of PRMT1 in hepatocellular carcinoma (HCC) requires more exploration. This study aimed to investigate the role of PRMT1 in HCC growth and metastasis. Methods: We compared PRMT1 expression and clinicopathological characteristics using paired HCC and adjacent noncancerous liver tissues from 210 patients and immunohistochemistry analyses. Cell proliferation, colony formation and migration were determined in HCC cell lines with PRMT1 overexpression or downregulation through MTT, crystal violet and Boyden chamber assays. Tumour growth was monitored in a xenograft model, and intrahepatic metastasis models were established. Results: PRMT1 expression was greatly increased in clinical HCC samples and strongly associated with poor prognosis and recurrence; PRMT1 expression was also positively correlated with microvascular invasion (P = 0.024), tumour differentiation (P = 0.014), tumour size (P = 0.002), and portal vein tumour thrombus (PVTT) (P = 0.028). Cell proliferation, colony formation and migration in vitro were enhanced by PRMT1 upregulation and decreased by PRMT1 downregulation in HCC cell lines. Moreover, low PRMT1 expression resulted in slow tumour growth and decreased tumour weight in vivo, as well as tumour metastasis. These phenotypes were associated with STAT3 signalling pathway activation. Cryptotanshinone, a STAT3 inhibitor, inhibited STAT3 phosphorylation and reversed the HCC phenotype of PRMT1 expression. Conclusions: We revealed a significant role for PRMT1 in HCC progression and
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Introduction
Hepatocellular carcinoma (HCC) is one of the most common malignant tumours with high morbidity and mortality [1] . Therapies for HCC have continued to evolve over the last decade; HCC patients can be treated using surgical resection, transarterial chemoembolization (TACE), radiotherapy and sorafenib. However, HCC patients cannot be totally cured due to prognosis difficulty, recurrence and early blood vessel invasion [2] [3] [4] [5] . These problems cannot be solved because fundamental studies have not fully clarified the molecular mechanisms of HCC [6] [7] [8] . Therefore, it is important to fully understand HCC development and find new molecular targets for HCC treatment.
Protein arginine methyltransferase (PRMT) is a methyltransferase that can catalyse protein arginine methylation from S-adenosylmethionine (SAM) to arginine residues, which are involved in many cellular processes, such as signal transduction. PRMTs can be divided into four families: type I (PRMT1, PRMT3, PRMT4/CARM1, PRMT6 and PRMT8), type II (PRMT5, PRMT7 and PRMT10), and type IV (PRMT2) enzymes [9] . Currently, due to the close relationship between protein arginine methylation and various types of tumours, an increasing number of researchers have begun to study the relationship between PRMTs and cancer, especially PRMT1. PRMT1 regulates tumour growth and metastasis in human melanoma via targeting ALCAM [10] . In triple-negative breast cancer, PRMT1 is critical for epidermal growth factor receptor (EGFR) activity, and inhibiting PRMT1 may be an effective therapeutic strategy for overcoming intrinsic cetuximab resistance in triplenegative breast cancer cells [11] . Similarly, in oesophageal squamous cell carcinoma, PRMT1 activates Hedgehog signalling and upregulates the expression of target genes downstream of Hedgehog signalling to promote the growth and migration of esophageal squamous cell carcinoma (ESCC) cells [12] . One study preliminarily explored the molecular mechanisms of PRMT1 in HCC in vitro [13] , but the clinicopathological significance of PRMT1 and HCC patient prognosis and the underlying mechanisms of PRMT1 in the promotion of HCC growth and metastasis in vitro and in vivo have not been examined.
Our study focused on the importance of PRMT1 in the progression of HCC. We found that HCC patients with high PRMT1 expression have a worse prognosis; in addition, we assessed the function of PRMT1 in HCC in vitro and in vivo. Finally, we determined that PRMT1 could accelerate HCC progression through increasing STAT3 phosphorylation.
Materials and Methods
Patients and specimens HCC tissues and paired normal tissues were collected from 210 patients at Eastern Hepatobiliary Surgery Hospital (EHBH), Second Military Medical University, Shanghai, China. All tissues were frozen immediately in liquid nitrogen after surgical excision and stored at -80 ℃. Informed written consent was obtained from all patients, and our study was approved by the Ethics Committee of EHBH and the Institutional Review Board of the Institute for Nutritional Sciences, Chinese Academy of Sciences.
Immunohistochemistry
Clinical HCC tissues and paired non-cancerous tissues were fixed in formalin, embedded in paraffin, and cut into 5-μm-thick consecutive sections. After deparaffinization and antigen recovery (in a sodium citrate solution, pH 6.0, 20 min, 98 °C), the sections were washed thrice with 0.01 mol/l PBS (8 mmol/l Na2HPO4, 2 mmol/l NaH2PO4, and 150 mmol/l NaCl) for 5 min each time, blocked for 1 h in 0.01 mol/l PBS containing 0.3% Triton X-100 and 5% BSA, and incubated with an anti-PRMT1 (1:200) antibody (Cell Signaling Technology) at 4 °C overnight. After brief washes with 0.01 mol/l PBS, the sections were incubated with 0.01 mol/l PBS containing a horseradish peroxidase-conjugated anti-rabbit IgG antibody (1:500) for 2 h, followed by development with 0.003% H2O2 and 0.03% 3, 30-diaminobenzidine in 0.05 mol/l Tris-HCl (pH 7.6). Immunohistochemistry for each sample was repeated thrice.
Cell lines and cell culture
The normal liver cell line (LO2) and HCC cell lines (7721, HepG2, BEL-7404 and YY-8100) used in this study were purchased from the American Type Culture Collection (Manassas, VA, USA) and cultured in Dulbecco's modified Eagle's medium (DMEM) (Gibco) with 10% foetal bovine serum and 1% antibiotics (10 U/ml penicillin and 10 U/ml streptomycin) in a sterile incubator with a humidified atmosphere containing 5% CO2 at 37 °C.
Establishment of PRMT1 overexpression cells
The full-length cDNA encoding human PRMT1 was obtained from human whole blood by reverse transcription polymerase chain reaction (PCR). The human PRMT1 gene primer pair was designed using PRIMER5 software and is shown in Table 1 . PRMT1 cDNA was cloned into a p23 vector (Takara Bio, Shiga, Japan) according to the manufacturer's instructions. Lentiviral supernatants were produced using the Lenti-X HTX packaging system (Clontech Laboratories, Mountain View, CA) and used for transducing the HCC cell lines Bel-7404 and YY-8103. For negative controls, we transduced the HCC cell lines with supernatants from empty vector cells. Fluorescence-activated cell sorting was performed twice to select stable clones. Over-expressed PRMT1 with a Flag tag was detected in cell lines with an anti-Flag antibody (Sigma).
Establishment of PRMT1 knockdown cells
Lentiviral short hairpin RNA (shRNA) transduction particles targeting PRMT1 and a negative control vector were purchased from Sigma-Aldrich (St. Louis, MO) and transduced into the HCC cell lines Bel-7404 and YY-8103 according to the manufacturer's instructions. Puromycin (2.5 μg/mL) was used to select stable clones. The shRNA sequences are shown in Table 1 .
RT-PCR analysis
Total RNA was extracted from tissues and cells by using TRIzol reagent (Invitrogen). Then, the isolated RNA and a reverse transcription kit (Promega, Madison, WI) were used for cDNA synthesis according to the manufacturer's instructions. Real-time PCR (RT-PCR) experiments were performed with LightCycler DNA Master SYBR Green I mix (Roche Applied Science, Penzberg, Germany). The human PRMT1 gene primer pair was designed using PRIMER5 software and is shown in Table 1 . The threshold cycle number (CT) was determined for both the PRMT1 gene and the control gene (GAPDH) with iCycler software. For each reaction, the mean CT of three reactions was calculated. The ∆CT or the CT of the housekeeping gene (GAPDH) subtracted from the CT of the target gene (PRMT1) was plotted for each sample.
Western blotting
Tissue and cell protein was extracted by using tissue or cell lysis. The proteins were mixed with loading buffer (Bio-Rad, Hercules, CA) and boiled at 95 °C for 5 min. Then, 10% SDS-PAGE was used to separate the total cell lysates, and the proteins were transferred onto polyvinylidene difluoride membranes (Millipore, Bedford, MA). The PVDF membranes were blocked with 5% BSA for 1 h at room temperature and incubated overnight with primary antibodies in 1% BSA. Then, the membranes were incubated with secondary antibody at a dilution of 1:5000 for 1 h at room temperature. Antibodies against PRMT1, Stat3 and p-Stat3 were purchased from Cell Signaling Technology. Antibodies against GAPDH were purchased from Sigma. An antibody against Flag was purchased from Sigma. 
MTT assay

Crystal violet assay
The same number of control and experimental cells were seeded at a density of 3000 cells/well in 6-well plates and cultured in medium supplemented with 10% FBS. The medium was changed every other day. After 10 days of culture under standard conditions, the medium was removed, and the cells were stained with 1 mL 0.5% crystal violet solution in 20% methanol. After staining for 10 min, the fixed cells were washed with phosphate-buffered saline (PBS) and photographed. Then, 1 mL glacial acetic acid was added to the cells, and the optical density (OD) was detected at 570 nm by using a microplate reader.
Boyden chamber assay Cells (2 × 10 5 ) suspended in 0.05 ml medium containing 1% FBS were placed in the upper chamber, and the lower chamber was loaded with 0.152 ml medium containing 10% FBS. Six hours later, the cells that migrated to the lower surface of the filters were detected with traditional H&E staining. The experiments were repeated thrice.
Tumourigenesis in vivo
Suspended cells (2. 5×10 6 ) were injected into 5-week-old male nude mice that were cared for in accordance with AAALAC criteria. Each animal was injected subcutaneously at two sites in their flanks. Tumour volume (cm3) was measured every 5th day, and tumour weight was measured at the end of the experiment.
In vivo metastasis assay YY-8103 cells overexpressing luciferase were established by stable transfection. Luciferase activity was determined with the luciferin (Xenogen) in vivo imaging system (Xenogen). YY-8103/con cells overexpressing luciferase and YY-8103/sh-PRMT1 cells overexpressing luciferase (2.5 × 10 6 cells in 50 μl Matrigel) were injected into the left livers of the nude mice. The metastatic lesions were monitored. Before the mice were anaesthetized with isoflurane, luciferin (150 mg/kg intraperitoneally) was injected into the nude mice 5 min before imaging. The nude mice were placed into the light-tight chamber of a CCD camera system (Xenogen), and the photons emitted from the luciferase-expressing cells within the animal were quantified for 1 min using the Living Image software program (Xenogen) as an overlay on Igor (Wavemetrics).
Luciferase reporter assay BEL-7404 and YY-8103 cells were seeded in 24-well plates at an appropriate density and incubated for 24 h. We used transient PRMT1-overexpressing cells for the STAT3 reporter assay. A total of 0.05 μg STAT3 reporter plasmid (Institute of Health Sciences, Shanghai Institutes for the Biological Sciences, Chinese Academy of Sciences, Shanghai, China) and 0.02 μg Renilla luciferase STAT3 as an internal control were cotransfected by using Lipofectamine 2000. Cell lysates were prepared 8 h after treatment, and the reporter activities were detected with a dual-luciferase reporter assay system (Promega, Madison, WI, USA).
Statistical analysis
Data from three independent experiments are expressed as the mean ± standard deviation (SD). All statistical analyses were performed with SPSS statistics v21.0 (IBM Corp., Armonk, NY, USA). The differences between the experimental group and the control group were analysed by Student's t-test. P < 0.05 was considered statistically significant. (Fig. 1A) . Moreover, we randomly selected 10 pairs of HCC tissues and adjacent normal tissues and measured the protein expression of PRMT1 by Western blot. Increased PRMT1 protein levels were all detected in all 10 pairs of the HCC and normal tissues (Fig. 1B) . Then, to further confirm the expression of PRMT1, we examined PRMT1 expression in an HCC tissue microarray by using immunohistochemical (IHC) staining. Consistent with the RT-PCR and Western blot results, PRMT1 expression was higher in the HCC tissues than in the normal tissues (P<0.001) ( Fig. 1C and 1D ). Moreover, we studied the relationship between the prognosis of HCC patients and the expression of PRMT1. We found that high PRMT1 expression levels were associated with poor overall survival and recurrence-free survival in 210 HCC patients ( Fig. 1E and 1F ). These results showed that PRMT1 was upregulated in HCC tissues and that PRMT1 overexpression affected the prognosis of HCC patients. The staining intensity of PRMT1 expression was scored automatically with a Vectra2 system (Perkin Elmer, USA). According to the intensity score, the HCC patients were divided into two Table 2 , PRMT1 expression positivity correlated with the histologic presence of microvascular invasion (P = 0.024), tumour differentiation (P = 0.014), tumour size (P = 0.002), portal vein tumour thrombus (PVTT) (P = 0.028) and small lesions (P<0.001).
Results
PRMT1 expression in HCC tissues and the clinicopathological significance of PRMT1 in HCC
Patients with high PRMT1 expression showed a significantly poorer prognosis (P=0.001) and higher recurrence (P=0.010) than patients with low PRMT1 expression (Fig. 1E, 1F (Fig. 2A) . Furthermore, we transfected the BEL-7404 and YY-8103 HCC cell lines with plasmids containing either an empty p23 vector or PRMT1 overexpression vectors (Flag-PRMT1) to study the biological function of PRMT1. PRMT1 expression was determined by Western blot (Fig. 2B) . PRMT1 overexpression remarkably promoted the growth and colony formation of bel-7404 and (Fig. 2C ) and crystal violet (P<0.01) assays (Fig. 2D) ; the migration of these HCC cells was also significantly increased (P<0.01) (Fig. 2E) . These in vitro results showed that the overexpression of PRMT1 can benefit HCC cells.
Knocking down endogenous PRMT1 expression inhibited the growth and migration of HCC cells
To further evaluate the effects of PRMT1 in HCC cells, we knocked down the basal expression of PRMT1 in the BEL-7404 and YY-8103 HCC cell lines by RNAi (Fig. 3A) . Similar to the overexpression experiments, we tested the growth, colony formation and migration of the control and RNAi cell lines. MTT assays showed a significant inhibition of proliferation (Fig. 3B) . Colony formation assays showed a significant reduction in the number of colonies formed after PRMT1 downregulation in these HCC cell lines compared with that in the control cell lines (P < 0.01) (Fig. 3C) . Boyden chamber assays indicated significantly reduced migration in PRMT1 RNAi HCC cells (Fig. 3D) . These results demonstrated that knocking down PRMT1 might play a protective role in HCC by decreasing the growth and migration of HCC cells.
Knocking down PRMT1 suppressed tumourigenesis in HCC cells in vivo
Based on the in vitro experiments, control and PRMT1 knockdown YY-8103 cells were injected subcutaneously into the flanks of nude mice, and tumour growth was monitored (Fig. 4B) . The tumours generated by YY-8103 cells with PRMT1 knockdown grew slowly (P<0.001) and were smaller and lighter than those generated by the control cells (n=5, P=0.0274) (Fig. 4A-4C ). These results indicated that PRMT1 may be an oncogene that promotes tumourigenesis in HCC cells in vivo.
PRMT1 enhanced the intrahepatic metastatic potential of HCC cell lines in vivo
From the preliminary in vitro study, we hypothesized that PRMT1 might promote the metastasis of HCC cells in vivo. We established control and PRMT1 knockdown YY-8103 cells that overexpressed an exogenous luciferase gene. These two cell lines were injected intraperitoneally into left liver lobes of nude mice. The metastasis of YY-8103 cells in the livers was monitored by an in vivo imaging system. As shown in Fig. 4D and 4E, knocking down PRMT1 expression inhibited the intrahepatic metastasis of YY-8103 cells (P<0.001). These results revealed that knocking down PRMT1 inhibited the metastasis of HCC cells in vivo. These in vivo experiments agreed with the experiments showing that PRMT1 promoted the growth of HCC cells in vitro.
PRMT1 activated STAT3 signalling in HCC cells
It has been reported that constitutive JAK/STAT3 signalling pathway activation plays an important role in the development and progression of hepatocellular carcinoma (HCC). To find the underlying mechanism of PRMT1 in HCC, we measured STAT3 phosphorylation and total STAT3 protein levels in PRMT1 overexpression and knockdown cell lines. Western blotting showed that PRMT1 increased the levels of STAT3 phosphorylation (Fig. 5A) . Then, 
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we conducted screening via a luciferase reporter assay. The results indicated that PRMT1 overexpression increased the reporter gene for STAT3 signalling, and PRMT1 downregulation inhibited STAT3 signalling (Fig. 5B) . Changes in the molecules downstream of the STAT3 signalling pathway were examined by q-PCR in PRMT1 knockdown YY-8103 cells. mRNA expression levels of VEGFα, IL-6 and C-MYC were low because PRMT1 knockdown influenced STAT3 signalling (Fig. 5C ). Taken together, all these data suggest that PRMT1 can activate STAT3 phosphorylation in STAT3 signalling.
Cryptotanshinone, a potent STAT3 inhibitor, inhibited STAT3 phosphorylation and reversed the HCC phenotype of high PRMT1 expression
Cryptotanshinone is a potent STAT3 inhibitor that can inhibit STAT3 phosphorylation [14] . The concentrations and treatment duration of cryptotanshinone were 5 µM in DMSO and 24 h. Cryptotanshinone was incubated with Bel-7404 and YY-8103 cells overexpressing PRMT1 to confirm whether STAT3 pathway activation could be blocked to suppress the growth and migration of HCC cells. First, cryptotanshinone inhibited STAT3 phosphorylation in the PRMT1 overexpression Bel-7404 and YY-8103 cells according to Western blots (Fig.  6A) . Second, MTT assays indicated that PRMT1 overexpression remarkably promoted the growth of Bel-7404 and YY-8103 HCC cells, but cryptotanshinone treatment in these HCC cells could not (Fig. 6B) . The same results were shown by colony formation assays using crystal violet staining (Fig. 6C) and by cell migration assays using Boyden chambers in these HCC cells (P<0.01) (Fig. 6D) . The above results may show that PRMT1 plays a role in promoting HCC by activating the STAT3 pathway and blocking STAT3 phosphorylation because cryptotanshinone, a potent STAT3 inhibitor, suppressed the HCC growth and migration.
Discussion
Most previous studies have indicated that the PRMT family plays an important role in gene transcription regulation and thus regulates many biological and pathological processes, such as DNA repair, cell growth and tumourigenesis [15, 16] . Recent reports have revealed the relationship between various cancers and PRMT1, which is overexpressed in breast cancer, bladder cancer and lung cancer [17] [18] [19] [20] .. Notably, PRMT1 was recently reported to be upregulated through miR-503 in HCC [21] , and PRMT1 may promote the proliferation and metastasis of HCC cells in vitro [13] . However, these reports did not provide enough evidence, such as in vivo experiments, to prove this role of PRMT1 and the underlying mechanism in HCC. This is the first report describing the clinical significance of positive PRMT1 expression in human HCC and its correlation with malignant behaviour, recurrence and prognosis. We revealed a significant role of PRMT1 in the tumour progression and metastasis of HCC through STAT3 signalling pathway activation. According to the clinical data, this study shows that PRMT1 expression was higher in human HCC tissues than in paired normal tissues. HCC patients with high PRMT1 expression had worse prognoses and higher recurrence rates than those with low PRMT1 expression. Furthermore, PRMT1 overexpression, as well as large tumour size, incomplete encapsulation and positive PVTT, was an independent and significant risk factor for survival and recurrence according to the multivariate analysis. These clinical results revealed that PRMT1 may be a reliable biomarker for HCC and could be important for improving treatment strategies for HCC patients. Inhibiting the cellular signal transduction pathway activated by PRMT1 overexpression in HCC patients could be a potential treatment method.
In basic studies, we found that PRMT1 overexpression could promote HCC cell proliferation and migration in vitro. In addition, PRMT1 also promoted tumour growth and intrahepatic metastasis in vivo in mice. However, PRMT1 knockdown significantly inhibited the malignant abilities both in vitro and in vivo. In experiments investigating the underlying mechanism, PRMT1 accelerated HCC through the STAT3 pathway at the mRNA and protein levels. We also found that upregulating PRMT1 can increase STAT3 phosphorylation and thereby activate the STAT3 pathway, which can potentiate the development of HCC [22] [23] [24] [25] [26] [27] . Finally, cryptotanshinone, a STAT3 inhibitor, suppressed HCC growth and migration through inhibiting STAT3 phosphorylation, which was activated by PRMT1 overexpression. Previous studies indicated that PRMT1 overexpression led to the progression and metastasis of various cancers and predicted a worse prognosis in patients [10, 12, 13] . Furthermore, Nakai, et al. reported that EGFR methylation and activity were significantly reduced in PRMT1 knockdown cells compared to the triple-negative breast cancer parental cells [9] . PRMT1 inhibition may be an effective therapeutic strategy for overcoming intrinsic cetuximab resistance in triple-negative breast cancer. In human melanoma, Li, et al. reported that PRMT1 is overexpressed in human melanoma and may regulate tumour growth and metastasis via targeting ALCAM [8] . Eberhardt, et al. indicated that PRMT1 is a novel regulator of MYCN, which implicates PRMT1 as a potential therapeutic target in neuroblastoma pathogenesis [28] . These reports might also support the correlation between PRMT1 and HCC progression, specifically tumour growth and metastasis, which was shown in this study. What is more, a STAT3 inhibitor was shown to benefit HCC patients with PRMT1 overexpression in a clinical study.
In conclusion, we provided novel insight into the significance of PRMT1 expression in malignant behaviour, recurrence and prognosis in HCC. Our findings revealed that PRMT1 could play a crucial role in tumour progression and metastasis in HCC through activating the phosphorylation of STAT3 and the STAT3 pathway. PRMT1 could serve as a valuable biomarker and potential molecular target for the development of HCC therapies. These results are important for determining the relationship between PRMT1 and HCC and finding novel HCC biomarkers.
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